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Following on from these assumptions, the following mass conservation statements can be made 
107
108
and the appropriate form of the accompanying heat transport equation takes the form
where G w [ 
129
The total internal energy per unit volume of rock, U, is related to the total enthalpy per unit 130 volume of rock, H, by U = H − P. It follows that U, κ E and vH can be further defined by:
132 κ E = φ(S w κ w + S g κ g + S h κ h ) + (1 − φ)κ r (8) 
Boundary and initial conditions 136
The cylindrical geometry of the core along with the assumption of a homogenous and isotropic 137 porous medium enables an assumption of axial symmetry such that the problem can be solved in be the length and radius of the core, respectively. In this way, the system of equations described 143 above can be appropriately constrained by the following initial and boundary conditions:
where 
where
and
It is therefore necessary to use Eqs.
(1) to (4) to derive four new equations for the time deriva-159 tives of z g , z h , P and T .
160
Note that (Goudarzi et al., 2016)
from which it can be shown that the associated partial derivatives of F are obtained as follows:
and α i and β i are the compressibility and thermal expansivity of phase i, respectively, defined by:
173
Also note that
Substituting Eqs. (7) and (9) into Eq. (4) leads to
Substituting the mass conservation equations, Eqs.
(1) to (3), then yields
where h D [L 2 T −2 ] represents the latent heat per unit mass of hydrate, defined by
Note that because the porous rock is assumed to be incompressible, 
Combining Eqs. (16) and (32) then yields
where ∂z i /∂t and ∂U * /∂t can be found from Eqs. (14) and (33), respectively. 
194
Let Q [ML 2 T −3 ] be the heat flux from the outside of the sandstone core, found from only able to simulate a sustained far-field boundary pressure difference for 125 minutes.
230
The pressure at the far-field boundary is sustained throughout Masuda's experiment because 231 this represents the final point at which all the hydrate is dissociated, which happens at the end 232 of the gas production period. A more simple way of ensuring our numerical model simulates
233
this behavior is to assume that permeability is reduced to some significantly small value until the 234 hydrate saturation is completely dissociated. Following the ideas discussed by Daigle (2016), this 235 point is described in our mathematical model as follows: results. The reduced permeability, k c , is assumed to be 100 times less than k 0 .
241
In addition to this, the relative permeability of water and gaseous methane are assumed to 242 follow the so-called Corey curves:
where S wr [-] is the residual water saturation and n w [-] and n g [-] are empirical exponents. 
Auxiliary equations and parameters

246
Due to the earlier assumption that liquid water and gaseous methane are assumed immisci- 
Intensive lookup tables can be developed for the two fluids for a wide range of temperatures
255
and pressures prior to running a numerical solution. These can then be linearly interpolated during 256 numerical solution of the above set of PDEs.
257
Following Masuda et al. (1999) , the rock and hydrate are assumed to be incompressible such for rock and hydrate are assumed: c pr = 800 J kg
To determine the hydrate stability pressure, P e (Pa), the empirical equation of Moridis (2002) 262 is used
263
P e = 10 6 exp can be found from
and assuming Eq. (46), The volume of methane produced from the core was recorded throughout the experiment.
312
The total volume of water produced was recorded at the end of the experiment. Masuda et al. pressures. The various measured parameters associated with these four runs are listed in Table 1 .
313
315
The length of core was, L = 30 cm. The cross-sectional area of the core was πR 2 = 20.3 cm 2 .
316
The absolute permeability of the core was k 0 = 9.67 × 10 −14 m 2 . The porosity of the core was 317 φ = 0.182. The methane gas was close to pure. The water had a salinity of 10 ppt. A schematic 318 diagram of the experimental setup is presented in Fig. 1 balance based on the data provided in Table 1 .
324
The following mass balance equations can be used to relate the mass of water and methane 
333
Note that: 
24 or for the volume of water produced:
or alternatively, Eq. (51) can be solved for initial hydrate saturation: 
380
The above objective function is minimized using MATLAB's nonlinear minimization routine, values.
391
The resulting simulated output from the model is compared to the observed data from Run 4 in 392 Fig. 2 . In Fig. 2a it can be seen that the model predicts the correct amount of final gas and water 393 27 production volumes. Simulated gas production, as compared to the observed experimental data,
394
is delayed by around 20 minutes. In Fig. 2b , the model can be seen to accurately predict most of 395 the far-field boundary pressure data, with the exception of a mini-peak in pressure observed in the 396 experimental data at around 50 minutes.
397
In Fig. 2c , it can be seen that the model does a good job of predicting the temperature data 398 at 225 mm and 75 mm from the fluid outlet. However, there are some significant discrepancies 399 between the model and observed data during the first 100 minutes at 150 mm from the fluid outlet. (41)). Also of note is that all the hydrate is dissociated after 300 minutes. is significantly delayed as compared to the observed data and the other modeling studies. Our 428 own simulated gas production is very similar to the results generated by Nazridoust and Ahmadi
Comparison with earlier modeling studies
429
(2007); both of these studies lead to slightly delayed gas production during the first 200 minutes.
430
Masuda's simulation is able to predict a sustained difference between far-field and fluid outlet 431 boundaries due to their relative permeability and permeability configuration. However, the conse-432 quence is that simulated gas production is delayed. In our new model, we are able to simulate both 433 the sustained pressure difference and the relatively fast gas production by assuming that absolute 434 permeability is reduced to a 100th of its original value until hydrate saturation is below 10 −4 (recall 435 the discussion in Section 2.1.4). This enables porous media free of hydrate to provide significantly 436 high mobility to both gas and water whilst simultaneously blocking off the far-field boundary from 437 the outlet boundary pressure until (almost) all the hydrate has dissociated throughout the core.
438
The before T 2 , which declines before T 1 . And similarly that T 3 rises before T 2 , which rises before 453 T 1 . In contrast, Shin (2014) predicts that T 1 , T 2 and T 3 decline together (Fig. 6f) and Chen et al.
454
(2016) predicts that T 1 rises before T 2 and T 2 rises before T 3 (Fig. 6g) . Interestingly, the simulated 
shape, which is difficult to explain (Fig. 6e) . is able to correctly predict that the minimum of T 3 is less than that of T 2 and the minimum of
462
T 2 is less than that of T 1 , as observed from Masuda's experimental data (Fig. 6g) . However, this
463
is at the expense of getting the order of timing wrong, as discussed in the paragraph above. Our 464 current modeling study represent a considerable improvement in model performance here because 465 our simulation gets the order correct for both the timing and the minimum values (Fig. 6h) .
466
Unfortunately, none of the above studies report simulated water production volumes. How-467 ever, assuming that these studies used the initial saturation values given in Table 1 , taking their 468 final simulated gas production volumes and substituting these into Eq. (62) leads to negative val-
469
ues of water production volumes, as was seen in Table 2 . This would suggest that either they 
472
In this way it can be understood that our modeling study provides a significant improvement in 
Summary and conclusions
486
The objective of this article was to provide a set of numerical simulations that better match their model did a good job of simulating the far-field boundary pressure, gas production was 496 significantly delayed. In our current study it was found that a critical threshold permeability model 497 was required to reconcile these two observations, whereby permeability for hydrate saturations
498
> 10 −4 is assumed to be 100 times less than the absolute permeability. This enables porous media free of hydrate to provide significantly high mobility to both gas and water whilst simultaneously 500 blocking off the far-field boundary from the outlet boundary pressure until almost all the hydrate 501 has dissociated throughout the core.
502
In addition to our new model providing good correspondence between the gas production and 503 far-field boundary pressure data, our model is also found to be effective at simulating the water 504 production and temperature data, improving considerably on the seven earlier modeling studies alternative permeability model was applied to specifically reconcile a relatively fast gas production 512 with a relatively slow far-field boundary pressure response.
513
An important subsidiary finding from this work is that permeability is significantly reduced 
